The objective of this study was to estimate the risk of a cardiovascular event or death associated with modern radiation in a population of elderly female breast cancer patients with varying baseline cardiovascular risk. The data used for this analysis are from the linked Surveillance, Epidemiology, and End-Results (SEER)-Medicare database. The retrospective cohort study included women aged 66 years and older with stage 0-III breast cancer diagnosed between 2000 and 2005. Women were grouped as low, intermediate, or high cardiovascular risk based on the presence of certain clinical diagnoses. The risk for the combined outcome of a hospitalization for a cardiovascular event or death within 6 months and 24 months of diagnosis was estimated using a multivariable Cox model. The median follow-up time was 24 months. Among the 91,612 women with American Joint Committee on Cancer (AJCC) stage 0-III breast cancer: 39,555 (43.2%) were treated with radiation therapy and 52,057 (56.8%) were not. The receipt of radiation therapy in the first 6 months was associated with a statistically significant increased risk for the combined outcome in women categorized as high risk (HR = 1.510; 95% CI, 1.396-1.634) or intermediate risk (HR = 1.415; 95% CI, 1.188-1.686) but not low risk (HR = 1.027; 95% CI, 0.798-1.321). Women with a prior medical history of cardiovascular disease treated with radiation therapy are at increased risk for an event and should be monitored for at least 6 months following treatment with radiation therapy.
Introduction
Mortality from breast cancer in the United States has declined by an estimated 25-38% in part because of screening and adjuvant treatment [1] . In 2009, there werẽ 2.8 million breast cancer survivors in the United States (women diagnosed with cancer of the breast at any point prior to 1 January, 2010) [2] . Many older women diagnosed with early-stage breast cancer and who survive the breast cancer have a risk of death due to cardiovascular disease [3] . There is mounting evidence of a relation between breast cancer treatments and the risk of late toxicities, including cardiovascular events [4] [5] [6] . Treatment for breast cancer consists of a combination of surgical mastectomy or lumpectomy, axillary lymphnode dissection, radiotherapy, and systemic hormone therapy or chemotherapy [7] . Radiation therapy, also called radiotherapy, in breast cancer treatment uses ionizing radiation to kill malignant cells [8] . Treatment with tangential breast irradiation after breast conservation surgery (BCS) has proven to be an effective treatment option in women with breast cancer [9] . Several studies have shown that radiotherapy as a treatment option in breast cancer reduces the local-regional recurrence rate [10] [11] [12] and improves survival [13, 14] . Yet, the proven beneficial effects of radiotherapy in reducing breast cancer death and recurrence are offset by increased risk of cardiovascular disease. Empirical evidence documents an increased risk of cardiovascular morbidity and mortality [5, [15] [16] [17] [18] [19] [20] [21] in breast cancer patients, especially among patients with left-side breast cancer [5, 20, 22] . Although early epidemiologic studies have reported increased cardiovascular morbidity and mortality related to the use of left-sided irradiation, it must be recognized that right-side breast irradiation does expose the heart to radiation [23] , and so there is a risk for cardiotoxicity related to the use of right-sided irradiation. Acute pericarditis, pericardial effusion, and arrhythmias are the most frequently diagnosed cardiotoxicity of adjuvant radiotherapy [24] .
Despite advances in radiation treatment for breast cancer which limit radiation exposure, for many women with breast cancer, exposing the heart to radiation will be unavoidable. Cardiovascular complications from cancer therapy can occur immediately, or manifest months or years after the patient has been treated [25] . Estimating the risk of an event, and stratifying patients according to cardiovascular risk for these events would be useful in identifying those patients most likely to benefit from management plans, as well as strategies to reduce cardiotoxicity. The goal of this study was to expand upon prior research estimating the effect of adjuvant radiation therapy on cardiovascular event-free survival (EFS) by stratifying patients according to baseline cardiovascular risk.
Patients and Methods

Data source
The data used for this analysis are from the linked Surveillance, Epidemiology, and End-Results (SEER)-Medicare database. The database links records from SEER, a population-based cancer registry, and Medicare, the federally funded health insurance program for elderly persons age 65 and over. The SEER registry covers~28% of the US population and is comparable to the general US population with regard to measures of poverty and education. SEER tracks all incident cancer cases and survival in the US among residents in selected geographic areas. The SEER registry collects information on patient demographics, primary tumor site, tumor morphology, and stage at diagnosis, along with cancer-directed surgery and radiation therapy provided for first course of treatment (http://seer.cancer. gov) [26] .
The Medicare claims database provides a complete expenditure and source of payment data on all health care services for beneficiaries 65 years or older, under age 65 with certain disabilities, and people of all ages with endstage renal disease (ESRD). The linkage of the two data sources provides a unique source of clinical, demographic, and cause of death information for persons with cancer and claims for covered health care services.
Patient selection criteria
We conducted a retrospective analysis of women, age 66 years and older with American Joint Committee on Cancer (AJCC) stage 0-III breast cancer diagnosed between 2000 and 2005. The main eligibility criteria were continuous participation in Medicare Parts A and B during any month of the study period; age ≥66 years to allow for a 1-year time period following Medicare enrollment during which comorbidities could be assessed; AJCC stage 0-III breast cancer; and treatment with surgical therapy with or without adjuvant radiotherapy within 52 weeks after diagnosis. We excluded the following: men; women enrolled in a health maintenance organization (HMO) because data were unavailable for these periods; women whose Medicare eligibility was on the basis of disability (DIB) or ESRD; women with bilateral disease or unknown laterality; AJCC stage IV or unstaged disease; women with a prior cancer diagnosis; and women in whom other cancers were diagnosed within 12 months of breast cancer diagnosis. For each patient, we utilized claims information available from 12 months prior to breast cancer diagnosis to date of death or censoring on 31 December, 2007.
Measurement of treatments, outcomes, and covariates
The primary outcome in this study was cardiovascular EFS. Events were hospitalization for a cardiovascular event and death. Mortality in this study was defined as death from any cause. Hospitalization for a cardiovascular event was determined using International Classification of Disease, ninth revision, Clinical Modification (ICD-9-CM) codes (Data S1) in the first, second, or third position for an inpatient hospital or skilled nursing facility (SNF) claim. Hospitalization for a cardiovascular event was ascertained using ICD-9-CM codes in the Medicare Provider Analysis and Review (MEDPAR) file. Ascertainment of cardiovascular diagnoses within 12 months before the diagnosis of breast cancer was used to define the baseline cardiovascular risk category; cardiovascular diagnoses identified after the breast cancer diagnosis were considered to be radiation-associated cardiovascular events. For this analysis, a cardiovascular event was defined as a diagnosis of angina, heart failure, chest pain, Radiotherapy exposure was defined as whole breast irradiation (WBI, or tangential field external beam radiation). Documentation of radiotherapy treatment in the SEER file and Medicare claims file was used to identify women receiving radiation therapy. Because of the risk of discordance on radiation therapy information between the SEER and Medicare claims, women were identified as having received whole breast radiotherapy if they had the SEER codes for beam radiation or combination of beam with implants or isotopes, but not if they only had radioactive implants, radioisotopes, or other radiation method. In addition to SEER fields of radiation treatment within 4 months of diagnosis, women whose treatment did not fall within the 4-month window were further identified as having successfully received whole breast radiotherapy if they had a Medicare ICD-9-CM, Healthcare Common Procedure Coding System (HCPCS) or Current Procedural Terminology (CPT) code for radiation. Women with at least one radiotherapy code within 12 months from the date of diagnosis were identified as having received whole breast radiotherapy.
Partial mastectomy or BCS exposure included nipple resection, lumpectomy or excisional biopsy, re-excision of biopsy site, wedge resection, quadrantectomy, segmental mastectomy, or tylectomy. Mastectomy exposure included subcutaneous, total, modified radical mastectomy withor-without removal of uninvolved contralateral breast, radical mastectomy with-or-without removal of uninvolved contralateral breast, extended radical mastectomy with-or-without removal of uninvolved contralateral breast, or mastectomy not otherwise specified (NOS). Women were considered to have undergone surgery if a claim was recorded in Medicare, but if a patient had only a SEER code for surgery and not a Medicare claim for surgery the patient was then categorized as receiving surgery if they had a SEER code.
Medicare claims were the source of chemotherapy exposure. Chemotherapy exposure was ascertained using ICD-9-CM V codes (V581 V672 V662), CPT (964XX, 965XX), and HCPCS codes (Q0083-Q0085, J9000-J9999, G09XX, C89XX-C94XX).
Covariates such as age, marital status, geographic region, year of diagnosis, laterality, AJCC staging, and race were obtained from SEER records. The date of cancer diagnosis was combined with the Medicare date of birth, presented as month and year (but not day, to protect privacy) in the Patient Entitlement and Diagnosis Summary File (PEDSF) file, to compute age at cancer diagnosis. The identification of racial groups in this study used the recoded SEER race variable, which combines information from race and Hispanic surname variables. Because tumor characteristics grouped into the SEER AJCC designated staging variable by TNM classification is based on the 3rd edition of the AJCC manual for cases diagnosed between 1988 and 2003 and the derived AJCC 6th edition for cases diagnosed 2004 and beyond, the two SEER AJCC staging variables were combined to compute a staging variable for analysis.
The Charlson comorbidity index adapted by Deyo [27] was used to calculate a comorbidity index for each patient with respect to cancer. Claim records from the date of diagnosis minus 12 months through the date of diagnosis minus 1 month were used to compute the comorbidity index.
Statistical analysis
The chi-square test was used to compare frequency distributions of baseline and clinical characteristics of categorical variables within the entire population. Using the combined endpoint of death and cardiovascular event, cardiovascular EFS curves were generated for each group using the Kaplan-Meier survival function. For each group of women, the log-rank test was used to compare cardiovascular EFS. Cardiovascular EFS in this study was defined as the proportion of women who remain alive and free of a cardiovascular event necessitating hospital admission in the first 6 months and 24 months following diagnosis.
Multivariable Cox models were used to estimate the effect of radiation on cardiovascular EFS. The regression models included an interaction variable between radiation and time to investigate nonproportional hazards associated with radiation receipt. Covariate selection was based on clinical importance in prior studies. Separate models were created for all three cardiovascular risk groups. Estimation of hazard ratios with 95% CIs was obtained using maximum partial likelihood estimation. All statistical analyses were performed using SAS version 9.3 (SAS Institute, Cary, NC). Alpha was set at P < 0.05 to define statistical significance.
Results
The SEER-Medicare database included a total of 177,092 breast cancer cases from 2000 to 2005. We excluded the following: 1382 men; 53,446 women age <66 years at breast cancer diagnosis; 398 women whose Medicare eligibility was based on DIB or ESRD; 15,643 women with stage IV breast cancer; 10,777 women with a prior cancer diagnosis; 1845 women in whom other cancers were diagnosed within 12 months of breast cancer diagnosis; 40 women with bilateral disease or unknown laterality; 747 women enrolled in an HMO; and 1202 women who received partial breast radiation or radiation NOS.
The final study cohort consisted of 91,612 women with AJCC stage 0-III breast cancer diagnosed between 2000 and 2005. Of the 91,612 women included in this study, 52,057 (56.8%) did not receive radiation treatment and 39,555 (43.2%) received radiation treatment. The median time from breast cancer diagnosis to start of radiotherapy was 2 months. The median follow-up time was 24 months. The mean age at diagnosis was 76 years for women with no radiation therapy and 75 years in the radiation therapy group. Women treated with radiotherapy were more likely to receive treatment with chemotherapy (32.2% vs. 11.2%, P ≤ 0.0001) compared to women who did not receive radiotherapy (Table 1) . Greater proportions of women with cardiovascular disease risk factors and prior cardiovascular disease were found in the radiation-treated group compared to women who did not receive radiation. Women who underwent partial mastectomy were commonly treated with local adjuvant radiotherapy treatment compared to women who underwent mastectomy (78.6% vs. 44.2%, P ≤ 0.0001). The percentage of women receiving radiation was lower at higher levels of comorbidity. Women with more advanced age were less likely to receive radiation compared to younger women. There was a lower percentage of women receiving radiation across all race-ethnicity groups compared to whites. At diagnosis, a greater percentage of women with stage I breast cancer received radiation compared to women diagnosed at a higher disease stage.
Unadjusted EFS curves were generated using KaplanMeier analysis for three groups of women (Fig. 1A) . Overall, the difference in EFS among the low-risk, intermediate-risk, and high-risk groups was statistically significant by log-rank test (P < 0.0001). By pairwise comparison, women in the low-risk group were event free longer than those in the intermediate-risk group (P < 0.0001), who in turn fared better than those in the high-risk group (P < 0.0001). To account for unbalanced distribution of confounders, adjusted comparison of the survival experience of the three risk groups was generated (Fig. 1B) . Figure 2 shows adjusted EFS curves comparing two treatment groups-radiotherapy-treated women and no radiotherapy-treated women-within each cardiovascular risk group. Among 35,950 women categorized as high risk, the EFS was longer for women treated with radiotherapy compared with no radiotherapy. The median EFS time for the high-risk group is shown and represents the time at which S(t) is 0.5. The radiotherapy-treated group had a median EFS time of 68 months (5.7 years), as opposed to 61 months (5.1 years), in the no radiotherapy-treated group, providing some evidence of survival benefit with radiation treatment. The median event-free survival time for women in the intermediate and low-risk group was longer than 96 months (8 years) and difference in EFS between treatment groups was small. Table 2 shows the proportion of women hospitalized for a particular type of cardiovascular event by risk group. The incidence of events was highest in women in the high-risk group compared to any other cardiovascular risk group.
In the multivariable analysis (Table 3) , the risk for the combined outcome (cardiovascular event or death) in the first 6 months and in the first 24 months was estimated. Using radiation as a time-varying predictor, the risk for the combined outcome was higher in the earlier time period than in the later time period, that is, the effect of radiation on the risk for the combined outcome appears to attenuate in the later time period. From Table 3 , the effect of radiation in the first 6 months significantly increases the risk (HR = 1.510; 95% CI, 1.396-1.634) for the combined outcome in high-risk women. The estimated hazard ratios, based on the model in Table 3 , for the effect of radiation shows a 51% increased risk for the combined outcome in the period up to 6 months of follow-up in high-risk women and no increased risk in the period after 6 months of follow-up. For intermediate risk women, the estimated hazard ratio in the period up to 6 months of follow-up shows a 42% risk for the combined outcome and no increased risk in the period after 6 months of follow-up. The effect of radiation in the period up to 24 months of follow-up showed no increased risk in all three cardiovascular risk groups. In low-risk women, the estimated hazard ratios did not show an increased risk for the combined outcome in either period.
Other independent predictors for the combined outcome are shown in Table 3 . An increased risk was associated with chemotherapy use, earlier calendar year of cancer diagnosis, older age at cancer diagnosis, left-sided tumors, higher AJCC stage, and a higher number of chronic comorbid conditions. Being married was associated with a decreased risk for the combined outcome.
Discussion
This study found an association between radiation therapy and the combined outcome of death or cardiovascular disease. The analysis showed that elderly women with breast cancer who had preexisting cardiovascular disease and receiving radiation treatment are at a greater risk for the combined outcome in the first 6 months. While there has been little debate regarding radiotherapy-related risk of cardiovascular disease associated with older regimens, results involving more modern regimens are inconclusive. In many studies of radiotherapy-related risk of cardiovascular disease, the risk has been compared between leftsided and right-sided tumors [5, 15, 20, 21, [28] [29] [30] , but this is among the first study to assess the differential risk among older women on the basis of high, intermediate, and low baseline cardiovascular risk. This study found that modern radiation therapy poses greater increases in risk for the combined outcome, especially among women with a significant history of cardiovascular disease. While there are subsets of women who may still be at an increased risk for radiation-induced cardiovascular events, several studies have shown that modern radiation has reduced the risk of cardiovascular injury by delivering much less radiation to the heart [28, 30] . Consistent with prior studies [5, 15, 19, [28] [29] [30] [31] , we document a lower event risk among women diagnosed with breast cancer in later years compared to women diagnosed in earlier years. We report an effect size that is smaller than previously reported, indicating that modern radiation is associated with a reduced risk of cardiovascular injury. This study also identified a greater risk for the combined outcome in the first 6 months after a breast cancer diagnosis but no statistically significant relationship over time. These findings suggest that women at high risk of cardiovascular events have greater increases in risk from radiotherapy than other women and should be monitored for at least 6 months. Although prior evidence has suggested no increased risk in cardiac morbidity with modern techniques [28, 30] , this study has suggested a possible increased risk in events in women with significant medical history of cardiovascular disease. The major finding in this retrospective analysis is consistent with prior studies that have found an increased risk of cardiovascular disease to be associated with the use of radiation in breast cancer [5, 20, 30] . A prior study using SEER-Medicare data found an increased risk for fatal MI after radiotherapy among irradiated women with left-sided breast cancer [20] . Similarly, in a prospective study of 10-year survivors treated from 1970 through 1986, the treatment-specific incidence of cardiovascular disease, irrespective of the side of radiation treatment was associated with an increased risk of cardiovascular disease [5] . However, our results suggest that the risk of cardiovascular events diminishes over time. Decreases in the risk of major coronary events have been reported in patients with longer time since exposure [32] . While it is true that techniques have evolved to reduce exposure to the heart and the development of treatment planning using computed tomography which enables better visualization of the heart, modern radiation techniques for reducing cardiac exposure have not eliminated the risk of cardiac injury. In the Doyle (2007) study, there was no significant association between radiation and MI (HR = 0.93; 95% CI, 0.84-1.02) or the combined MI and ischemia endpoint (HR = 1.02; 95% CI, 0.94-1.10) that was found. However, this study focused on MI and ischemia as primary endpoints for cardiovascular toxicity. There are other potential adverse effects of radiation exposure to the heart [33] that were not specifically examined, including but not limited to coronary artery disease, pericarditis, cardiomyopathy, valvular disease, heart failure, atherosclerosis, and sudden death.
There are some limitations to this study. It is widely known that radiation-induced cardiac injury has a doseresponse relationship [32] where the risk of cardiovascular disease increases with increasing mean cardiac dose; this study did not aim to assess the radiation doseresponse relationship. Another limitation is that this study assessed the risk of an event in elderly women treated with any chemotherapy compared to no chemotherapy. Although each chemotherapeutic agent has its unique cardiac effects, this study was not designed to identify which chemotherapy agents are cardiotoxic, but to assess the risk associated with radiation, controlling for potential confounding due to chemotherapy use. A third limitation is that this study could not assess tamoxifen's effects on cardiovascular risk because of the lack of availability of Medicare Part D prescription drug data at the time the study was conducted.
The limitation of available laboratory tests used to diagnose and determine risk of coronary heart disease did not allow the accurate assessment and stratification of women into the high-, intermediate-, and low-risk categories. This is especially true for women in the lowrisk group who may have equal chances of being in the intermediate or high-risk group if laboratory data was available. However, the use of ICD-9 diagnosis codes was sufficient to categorize women according to cardiovascular risk groups. The rates of cardiovascular morbidity ascertained are likely to be an underestimate of cardiovascular claims because this study only looked at cardiovascular morbidity that required hospitalization. Other important limitations include potential coding errors in diagnosis and procedure codes that can cause an underestimate or overestimate of true cardiovascular events. The issue of risk is another limitation of this study. This study treated all events in each of the analysis as though they were identical: all deaths were the same and all cardiovascular events were the same. A further limitation of this study and many other clinical studies is that of administrative censoring, which only allowed the observation of events up to the study duration limiting further detection of events.
Conclusion
This is the first study to assess and stratify women into high-, intermediate-, and low-risk categories to evaluate the risk of a cardiovascular event or death using modern adjuvant radiation for women with differences in cardiovascular risk profiles. Although the use of radiation has made a tremendous difference in treating breast cancer and improving survival demonstrating an overall net survival benefit, however, this study has shown that women with a prior medical history of cardiovascular disease treated with radiation therapy are at increased risk for a cardiovascular event in the first 6 months following diagnosis. Given that the unfavorable effects of radiation is stronger in earlier time periods than in later time periods, women with breast cancer and cardiovascular comorbidity should be monitored by their oncologists and cardiologists for at least 6 months following treatment with radiation therapy. 
